The elucidation of the relationship between the three-dimensional (3D) structure of a biological macromolecule and its function remains an essential theme in structural biological research. Flexible loops play an important role in molecular functions, including those pertaining to enzymatic activity, macromolecule-macromolecule binding and ligand recognition[@b1-2_1]--[@b4-2_1]. In many cases the flexible loops adopt particular rigid conformations when they function, such as in the case of ligand binding. However, in their ligand-free state, the structures are too flexible to be precisely and unambiguously identified due to the low electron densities derived from X-ray crystallography or the few Nuclear Overhauser Effect (NOE) cross peaks derived from NMR spectroscopy. In [Fig. 1](#f1-2_1){ref-type="fig"}, two flexible loops of *bovine* ribonuclease A (RNase A) are shown with the 32-loop conformations observed by NMR (PDB code, 2AAS)[@b5-2_1]. Here, the diameter of the pipe model for the backbone of RNase A corresponds to the root-mean square deviations (RMSDs) of the backbone atoms, obtained from the 32 distance-geometry conformations.

Flexible loops in proteins form several different 3D structures with similar free energies, as well as short peptides that possess a number of local free energy minima[@b6-2_1],[@b7-2_1]. To build 3D conformations of the loops, many modeling approaches have been developed. These include the application of database searches and use of *ab initio* techniques.

The database search method is based on searches for loop fragments in the PDB database for the corresponding loops[@b8-2_1]--[@b11-2_1]. A previous study reported that loops longer than seven residues were not precisely modeled by this method[@b12-2_1]. Furthermore, a loop conformation depends on its spatial neighborhood conditions, such as the residues surrounding the loop, ligands, solvents, dielectric constant, ions, lipids, temperature and crystallization conditions[@b13-2_1]. Thus, the reliability of the loop structures derived from database searches has been limited.

As an alternative, over the past 35 years *ab initio* loop prediction methods have been developed using various techniques[@b14-2_1]--[@b16-2_1]. In particular, broad conformational sampling and clustering have been performed in loop modeling, and resulted in attainment of the global and local free energy minima[@b17-2_1],[@b18-2_1]. For the calculations, structural ensembles were observed as putative flexible loop conformations. This approach is very promising in the area of structured determination[@b19-2_1],[@b20-2_1]. However, achieving broad conformational sampling using these methods was problematic, and high-throughput prediction was never performed.

It is now widely understood that proteins can undergo conformational changes associated with ligand binding, ligand recognition or signal transduction[@b1-2_1],[@b2-2_1]. Such "induced-fit" or "induced-folding" changes are common mechanisms associated with molecular recognition, but only single complexed conformations are detected by NMR or X-ray crystallography. The NOE signals and X-ray diffraction data should reflect the structural variation of such flexible regions. However, the conventional analyses produce only one or a few major structures. Even if weak NOE signals or weak electron densities that may correspond to other minor structures are observed, those signals tend to be ignored as inconsistent or unreliable data. In addition, when the X-ray diffractions are observed at low temperature using a cryo-stage, the probability of the major structure is emphasized. Recent studies showed that a structural ensemble could be obtained by using new modeling schemes in which multiple structural templates are allowed[@b19-2_1],[@b20-2_1]. These modeling schemes are expected to be used for understanding the dynamics of flexible regions.

The basis of structural changes should be the very small free energy difference between the structure with and without a ligand. Namely, it is considered that the ensemble of ligand-free protein loop conformations could include the ligand-bound loop conformation --- although not the most common one --- in equilibrium with the ligand-free conformations. Following ligand binding, the flexible loop should form a particular conformation that possesses a lower free energy than any of the ligand-free loop conformations in the prepared ensemble. Based on this assumption, the use of *ab initio* loop modeling to generate the free energy landscape is a promising way to predict the structural change induced after conformational sampling and clustering.

The M20 loop of *E. coli* dihydrofolate reductase (DHFR) is a good example of induced-fit structural changes following ligand binding. The M20 loop from residue 9 to 24 lies over the active site Met 20. Conformations of both ligand-bound and ligand-free M20 loops have been investigated by a variety of approaches, including X-ray crystallography[@b21-2_1],[@b22-2_1], NMR[@b3-2_1],[@b23-2_1],[@b24-2_1], circular dichroism spectroscopy[@b25-2_1],[@b26-2_1] and theoretical calculations[@b27-2_1],[@b28-2_1]. The conformational change of the M20 loop occurs in a time range of picoseconds to nanoseconds, during which the loop assumes three conformations, referred to as the *closed* (PDB code, 1RX2), *open* (1RA2) and *occluded* (1RX5) conformations[@b3-2_1],[@b22-2_1]. These three loop conformations form the type III' hairpin, the irregular structure, and the one-turn 3~10~ helix, respectively. In contrast, X-ray crystallographic analysis of the ligand-free M20 loop of DHFR (PDB code, 5DFR) appeared to show a disordered conformation where the atomic location of the 5 residues from 16 to 20 of the M20 loop could not be identified. This perhaps reflected the dynamic characteristic of the M20 loop[@b3-2_1],[@b22-2_1].

In this paper, we describe a new loop modeling method combining force-biased multicanonical molecular dynamics, FBMcMD[@b29-2_1], with the implicit solvent model applying the generalized Born (GB) with the solvent accessible surface area model (GBSA)[@b30-2_1],[@b31-2_1]. Although use of the implicit solvent model tended to result in an overestimation of the effect of intra-molecular hydrogen bonds, all of the free energy landscapes generated for short peptides with the explicit water model agreed well with our previous study[@b32-2_1]. In general, use of the multicanonical molecular dynamics (McMD) algorithm based on a non-Boltzmann probability can eliminate trapping at local minima and generate wide conformational sampling to obtain free energy landscapes[@b33-2_1],[@b34-2_1]. This approach is the most extensively used of all the generalized ensemble methods. Because use of FBMcMD can generate an ensemble of loop conformations automatically, many putative loop conformations have been easily obtained in this manner[@b29-2_1],[@b32-2_1]. In the present study, these methods were used to generate the structural models of the two loops in [Fig. 1](#f1-2_1){ref-type="fig"}, which were compared with the NMR and X-ray structures. Finally, ligand-free M20 loop conformations of DHFR were modeled in the same way to reveal the mechanism pertaining to induced-fit.

Materials and methods
=====================

Loop R8 in RNase A
------------------

The modeled region was composed of residues 58--74 and 106--123 in RNase A (a total of 35 residues), which included the flexible loop region from residue 64 to 71 and the surrounding residues adjacent to the flexible loop region. In choosing the surrounding residues, we first picked the residues inside a sphere with a radius of 20 Å and center at the average position of two junctions at residue 63 to 64 and residue 71 to 72 between the flexible loop region and the protein core. Then, examining the X-ray crystal structure, we removed the residues that could not interact with the flexible loop residues due to an obstruction by the backbone structure that forms the secondary structures. The flexible loop was initially replaced with a different loop as the initial fragment conformation derived from a PDB database search using the program FRGMNT[@b35-2_1]. Here, the peptide fragment from residue 107 to 114 in the bilin-binding protein from *Pieris Brassicae* (PDB code, 1BBP) was used. The other atomic coordinates were taken from those of the X-ray crystal structure (8RAT)[@b36-2_1]. The RMSD value of the initial backbone heavy atoms of the flexible loop was 8.37 Å against that of the X-ray crystal structure. The N-terminus and C-terminus of the individual peptide chains were capped with acetyl and N-methyl groups, respectively. During the subsequent calculations, the flexible loop region consisting of the above 8 residues was completely free without any restraints, and the atomic coordinates of the other 27 residues were restrained to their initial coordinates by a restraint harmonic potential with the force constant *k* = 0.1 kcal/mol/Å^2^.

Loop R12 in RNase A
-------------------

The modeled region was composed of residues 5--36, 43--51, 79--85 and 96--104 (a total of 57 residues). The flexible region was from residue 13 to 24, and the adjacent surrounding residues were chosen in the same manner as for Loop R8. The initial loop structure was built using the peptide fragment of residue 81 to 92 in aspartic protease from *Rous sarcoma retrovirus* (2RSP). The RMSD value of the initial backbone heavy atoms of the flexible loop was 7.12 Å against that of the X-ray crystal structure. During the calculations, the above 12 residues in the flexible region were completely free without any restraints, and the atomic coordinates of the other 45 residues were restrained in the same manner as those for Loop R8.

Loop M20 in DHFR
----------------

The M20 loop consists of 16 residues (residues 9 to 24), with residues 14 to 25 being very flexible. The modeled region was then composed of residues 6--28, 44--50, 94--97, 113--125 and 145--153 (a total of 56 residues). In the apo-DHFR crystal structure (PDB code, 5DFR)[@b37-2_1], there are no atom coordinates for the flexible region from residue 16 to 20. The initial loop structure was built using the peptide fragment of residue 69 to 80 in yeast cytochrome c per-oxidase (2CYP), in the same manner as that for Loops R8 and R12. The backbone RMSD value of the flexible loop was 5.32 Å against that in the closed form (1RX2)[@b22-2_1], 5.69 Å against that of the open form (1RA2)[@b22-2_1], and 4.77 Å against that of the occluded form (1RX5)[@b22-2_1]. The other atomic coordinates were taken from those of the apo-form crystal structure without a ligand or cofactor. During the calculations, the above 12 residues making up the flexible loop region were completely free without any restraints, and the atomic coordinates of the other 44 residues were restrained in the same manner as those for Loop R8.

Simulation methods
------------------

FBMcMD with the weighted histogram technique was applied to the conformational sampling to reveal the free energy landscape of the canonical ensemble at 300 K. We will describe the FBMcMD algorithm in brief; a more detailed description is available in a previous study[@b29-2_1]. With the FBMcMD approach, the trajectory is generated by performing constant-temperature MD at an arbitrarily chosen reference temperature β~o~= 1/*k*~B~*T*~o~, with force scaling as $${\overset{˙}{\mathbf{p}}}_{\text{i}} = \nu^{k}(\text{E})\textbf{f}_{\text{i}},$$where ***p**~i~* and ***f**~i~* correspond to the momentum and force acting on the atom *i* with a potential energy *E*, respectively. Here, ν*^k^*(*E*) is the force scaling function that is iteratively refined using the update scheme of $$\nu^{k + 1}(E) = \nu^{k}(E) + 1/\beta_{\text{o}}\left( {\partial\text{ln}P^{k}(E)/\partial E} \right),$$where *P^k^*(*E*) is the probability distribution at the *k*th iteration step. The advantage of FBMcMD is that the simulation can be done automatically through repeated brief multicanonical samplings of *N~k~* MD steps with the dynamic update scheme of [Eq. (2)](#FD2){ref-type="disp-formula"}. Since the weights of each iteration step are slightly different, all simulation data have been joined to estimate the density of states Ω(*E*) using a weighted histogram analysis[@b38-2_1] as $$\Omega(E) = \left( {\sum_{k}{\text{H}_{k}\left( E \right)}} \right)/\left( {\sum_{k}{\text{N}_{k}Z_{k}^{- 1}\left( E \right)}\text{exp}\left( {- \beta_{\text{o}}\alpha^{k}\left( E \right)} \right)} \right),$$where *H~k~*(*E*) and *N~k~* correspond to the energy histogram and number of samplings at the *k*th iteration, respectively. Here, $\alpha^{k}\left( E \right) = {\int\limits_{- \infty}^{E}{\nu^{k}(E^{\prime})}}dE^{\prime}$ and *Z~k~*(*E*) is the relative partition function.

Once Ω(*E*) is determined, the canonical ensemble at an arbitrary temperature is reconstructed as *P*~o~(*E*,*T*) = Ω(*E*) exp (−β*E*). Furthermore, various thermodynamic quantities of *O* can also be determined as $$< O >_{\text{T}} = {\int{dE\,\, O(E)\,\, P_{\text{o}}}}(E,T).$$

Instead of the explicit water model for describing the solvent, the GBSA implicit solvent model[@b30-2_1] was applied, using the Hawkins' formulation as the GB part[@b31-2_1] and the conventional surface area calculation with a probe radius of 1.4 Å[@b39-2_1],[@b40-2_1]. The other GBSA parameters were the same as those used in our previous paper[@b32-2_1].

The FBMcMD simulation with the GBSA implicit solvent model was performed with the AMBER force field parm 96[@b41-2_1] using the in-house program *cosgene* included in the *prestoX* ver 2.0 program suite[@b42-2_1]. The *cosgene* program provides molecular mechanics and molecular dynamics simulations. The unit time step of the MD simulation was 1.0 fs with the SHAKE method[@b43-2_1]. The cut-off distance for non-bonded interactions was 20 Å. The temperature was controlled by the constant-temperature method[@b44-2_1]. MD simulations of Loops R8, R12, and M20 were carried out with 30×10^6^, 80×10^6^, and 100×10^6^ steps, respectively. For other parameters, the same values were used as in our previous report for short free peptides[@b32-2_1].

In all cases, flat energy distributions were obtained from 250 K to 700 K, and re-weighted canonical ensembles at 300 K were obtained. The potential energy and all atomic coordinates of the system were monitored at each step and every 500 steps, respectively. The principal component analysis (PCA) method was applied as described in our previous paper[@b18-2_1]. All MD calculations were carried out on a Compaq ES40 cluster, and structural analyses were made on a Sun Fire 3800.

These modeled loops were verified by the in-house ligand-protein docking simulation program *sievgene* included in the *prestoX* ver. 2.0 program suite. The program used the docking algorithm in combination with the rigid-protein and flexible-ligand technique. Details of the docking algorithm and the computation are given elsewhere[@b45-2_1]; a brief summary is provided here.

The scoring function of the docking method is based on the rough shape of a protein surface to decrease structural noise. The conventional potential function is applied to the outer region of the receptor protein, and a smooth virtual function is calculated for the inner region of the receptor protein. Assuming that at least three ligand atoms come into contact with the protein surface, a geometrical hash method is used for protein-ligand conformation searching. This method was applied to the 132 known protein-ligand complexes, and correctly predicted approximately 50% of these complex conformations within the 2 Å RMSD. In the current study, the number of conformers generated in docking was limited to 100 for each ligand.

Only single bonds of ligands were flexible and they were allowed to rotate every 120 degrees. In contrast, the protein structure was rigid. The search area of the ligand docking was limited to the area around the original ligand coordinates of the protein-ligand complex structure PDB code, 1RX2, where the shortest distance between the docked atoms and the original ligand atoms should be less than 5 Å.

The atomic charges of the ligands were determined by the restricted electrostatic point charge (RESP) procedure using HF/6-31G\*-level quantum chemical calculations with the program GAMESS[@b46-2_1]. Structure optimization after docking simulation was performed by potential energy minimization using the program *cosgene* in the *prestoX* ver 2.0 program suite[@b42-2_1] with the AMBER force field parm 96[@b41-2_1].

The program suite *prestoX* that includes the *cosgene* and *sievgene* programs is written in FORTRAN90. Information concerning the availability and distribution of the program can be obtained from <http://www.jbic.or.jp/> or by E-mail to <prestox@jbic.or.jp>.

Results and Discussion
======================

Structural ensemble of the loop conformations
---------------------------------------------

The residues that form the flexible loop, including the surrounding residues, were first extracted from the entire protein molecule. For the initial conformation of the flexible loop, an appropriate conformation was generated by searching the PDB database as described in the Materials and Methods section. Following this, the FBMcMD calculation with the implicit solvent model was performed for the system, where the positions of the backbone atoms except the flexible loop region were restrained by harmonic forces.

The potential energy trajectory of a multicanonical simulation is shown in [Fig. 2A](#f2-2_1){ref-type="fig"} for the 8-residue flexible loop system in RNase A designated as Loop R8 in [Fig. 1](#f1-2_1){ref-type="fig"}. Loop R8 is composed of flexible loop residues 64 to 71, and 27 other surrounding residues. The potential energy was initially ca. −290 kcal/mol, and gradually increased to cover a wide energy range by random-walking in the energy space. [Figure 2B](#f2-2_1){ref-type="fig"} shows the energy distribution of the multicanoni-cal ensemble for this flexible loop system obtained by the current FBMcMD method, with the energy distributions for the re-weighted canonical ensembles at 300 K and 700 K. The flat energy distribution in [Fig. 2B](#f2-2_1){ref-type="fig"} indicates that the current method succeeded in generating the multicanonical ensemble.

In previous studies, the simulated annealing (SA) method was applied to loop modeling as a structural search method[@b16-2_1],[@b47-2_1]. An advantage of our method over the SA method is that it can construct a canonical ensemble of loop structures. Another advantage is that, with our method, we can confirm that the structural search is completed when the flat energy distribution is observed, as shown in [Fig. 2B](#f2-2_1){ref-type="fig"}. In the SA method, in contrast, it is difficult to confirm the completion of the structural search.

Given that the re-weighted canonical ensemble at 300 K provides the putative loop conformation in the native protein, this ensemble was further examined by clustering the conformations using a principal component analysis (PCA) and Ward's method. Here, 1000 model structures were randomly selected from the canonical ensembles at 300 K. Also, each structure was assigned to several clusters by the Ward's clustering method. In this clustering, all the principal components were used to calculate the Euclidean distance among the structures.

Application to modeling of R8 and R12 loops in RNase A
------------------------------------------------------

[Figure 3A](#f3-2_1){ref-type="fig"} shows the results of the PCA analysis projected onto two-dimensional (2D) space with the first and second principle axes for the Loop R8 ensemble with the NMR (PDB code, 2AAS) and X-ray crystal (8RAT) structures. The contributions from the first, second, third, fourth and fifth axes correspond to 64.2%, 19.9%, 4.9%, 3.4% and 1.5% of the total components, respectively. Three different clusters, 'R8α', 'R8β' and 'R8γ', were clearly observed, and the major cluster, R8α, coincided with the NMR and X-ray crystal structures with \<RMSDn\> = 0.93 Å and RMSDx=1.20 Å, as shown in [Table 1](#t1-2_1){ref-type="table"}. Here, \<RMSDn\> is the average of the 32 RMSD values, each of which is the RMSD of the heavy atoms in Loop R8 between a current model structure and one of the 32 NMR structures (2AAS). RMSDx represents the RMSD value of the heavy atoms in Loop R8 between the X-ray crystal structure (8RAT) and the modeled structure.

Since our method provides an ensemble of loop conformations, it is useful to have a representative structure for each structural cluster in the ensemble. For that purpose, we initially calculated an average loop structure for each cluster using the backbone heavy atoms in the loop. Following this, a loop structure was selected as the 'center structure', which possesses the smallest RMSD value from the aforementioned average loop structure following structural superpositioning of the backbone atoms of the three preceding residues before the loop and the three residues after the loop. The center structures are shown in [Fig. 3A](#f3-2_1){ref-type="fig"}. Using the center structure, we further calculated the RMSDc, which represents the RMSD value of the heavy atoms in Loop R8 between the center structure of each cluster and the model structure. The correlation between RMSDc and RMSDx in the structural ensemble for the R8α cluster was very high, with a Pearson correlation coefficient of 0.892. For other clusters, there was little or no correlation. This suggests that the center structure of the R8α cluster may be a good representative of the cluster. The three center structures of the individual clusters are shown in [Fig. 4A](#f4-2_1){ref-type="fig"} with the X-ray crystal structure.

[Figure 3B](#f3-2_1){ref-type="fig"} shows the same PCA analysis for the longer flexible loop system in RNase A designated as Loop R12, also shown in [Fig. 1](#f1-2_1){ref-type="fig"}. Loop R12 is composed of 12 residues from 13 to 24, and 45 surrounding residues. The contributions from the first, second, third, fourth and fifth axes correspond to 50.9%, 20.3%, 9.7%, 3.6% and 3.0% of all the components, respectively. There are only two clusters, 'R12α' and 'R12β', and the major cluster, R12α, also coincided with the experimental conformations with \<RMSDn\> =2.00 Å and RMSDx=1.65 Å, as shown in [Table 1](#t1-2_1){ref-type="table"}. Here, RMSD values were calculated for the heavy atoms in Loop R12, in the same manner as those for Loop R8. The correlation between RMSDc and RMSDx in the structural ensemble for the R12α cluster was also very high, with a Pearson correlation coefficient of 0.965. The two center structures and the X-ray crystal structure are shown in [Fig. 4B](#f4-2_1){ref-type="fig"}.

The two aforementioned flexible loops have been intensively investigated using several other modeling techniques[@b16-2_1],[@b48-2_1]--[@b51-2_1], essentially by looking for the optimum loop conformation that has the lowest potential energy. For Loop R8, the 8-residue loop from 64 to 71 in RNase A, the modeled structures were similar to the X-ray crystal structure with small RMSD values of less than or approximately 1 Å. For Loop R12, the longer 12-residue loop from 13 to 24, most of the modeled structures differed from the X-ray crystal structure with RMSD values larger than 2 Å. These results are comparable to our current values of \<RMSDn\> and RMADx for the clusters of Loop R8α and R12α as indicated in [Table 1](#t1-2_1){ref-type="table"}. Our method does not predict a single model structure, but creates a structural ensemble consisting of structures that are stable at a given temperature from the free energy landscape. Recently, Lindorff-Larsen et al. showed that protein structures should be determined simultaneously with their dynamics by demonstrating the considerable conformational heterogeneity of the human ubiquitin molecule as determined by the NMR and X-ray methodologies[@b20-2_1]. This approach agrees well with our modeling concept. In particular, overlaps are always observed between one of the clusters in the structural ensemble of the current method and those derived from NMR analysis.

Induced-fit of a flexible loop in DHFR Loop modeling of the DHFR M20 loop
-------------------------------------------------------------------------

We generated a structural ensemble of the M20 loop system designated as Loop M20, starting from the X-ray crystal structure of apo-form DHFR (5DFR). Loop M20 is composed of the most flexible loop region from residue 14 to 25 with the surrounding 44 amino acid residues, as indicated in the Materials and Methods section.

From the canonical ensemble of Loop M20 at 300 K, 2000 structures were randomly selected, and the structures in the ensemble were subjected to PCA with several crystal structures. [Figure 5](#f5-2_1){ref-type="fig"} shows the results of the PCA projected onto 2D space with the first and second principal axes. The contributions from the first, second, third, fourth and fifth axes correspond to 46.1%, 16.2%, 8.7%, 5.6% and 4.8% of all the components, respectively. Following Ward's method, the ensemble was separated by the four clusters M20α, M20β, M20γ and M20δ, as shown in [Fig. 5](#f5-2_1){ref-type="fig"}. The probability of the conformations in the M20α, M20β, M20γ and M20δ clusters is 65.4%, 21.3%, 10.3% and 3.1%, respectively.

The center structures of the four clusters and the *closed* loop crystal structures including the cofactor, Nicotinamide Adenine Dinucleotide Phosphate (NADP^+^), and the ligand are shown in [Figs. 6A and B](#f6-2_1){ref-type="fig"}. The backbone of the center structures of M20α and M20γ penetrated the ligand pocket. The backbone of the M20β center structure made slight contact with the ligand, similar to the case of the M20 *closed* loop that contacted the ligand. The M20δ center structure is located far from the active site, and did not interact with the ligand at all. The RMSDx values of the four center structures for the heavy atoms in Loop M20 are listed in [Table 2](#t2-2_1){ref-type="table"}.

As shown in [Fig. 5](#f5-2_1){ref-type="fig"}, the conformation of the M20β cluster is widely distributed on the 2D plane by the first and the second principle axes. We attempted to search for the experimental ligand-bound loop conformations in the M20β cluster. Consequently, we found that one of the model structures in M20β shown in [Fig. 7A](#f7-2_1){ref-type="fig"} (designated as M20β1) is comparable to the *closed* loop of the X-ray crystal structure (1RX2) with a RMSD value of 1.72 Å. In the same way, the M20β2 loop shown in [Fig. 7B](#f7-2_1){ref-type="fig"} and the M20β3 loop shown in [Fig. 7C](#f7-2_1){ref-type="fig"} are very similar to the *open* and *occluded* loops of the X-ray crystal structures (1RA2 and 1RX5) with RMSD values of 2.12 Å and 3.10 Å, respectively. Here, the RMSD values were calculated between the heavy atoms of the modeled flexible loop regions from residue 14 to 25 and those in the X-ray crystal structures, where the X-ray crystal structures of DHFR backbones were superimposed on the backbone of the current template structure. Thus, in the current structural ensemble, we can find structures similar to several different loop conformations that were observed with the ligand in the X-ray crystal structures, even when the conformational search was made for the apo-form DHFR starting from a very different initial loop conformation.

Identification of the ligand-bound conformation based on a ligand-docking study
-------------------------------------------------------------------------------

Our modeling method provided several clusters of loop conformations. However, the PCA and cluster analysis do not show which structure can bind the ligand, since a structure of the major cluster is not necessarily in a complex with the ligand. In an effort to identify the actual bound conformation of the flexible loop, we made further docking simulations with the ligand starting from the four center structures of the clusters, and then made a comparison of the complexed conformations.

First, the reliability of the application of the docking study to the current problem was examined. When the ligand-bound forms of the crystal DHFR structures including the observed loop conformations were used as the test templates, the experimental ternary complexes with the cofactor NADP^+^ (1RX2 and 1RA2) and the binary complex without NADP^+^ (1RX5) were well reproduced by the docking simulation, with the RMSD values of the ligand being 1.10 Å, 1.06 Å, and 1.63 Å, respectively. For 1RX2 and 1RA2, the ligand is folate, while for 1RX5, it is 5,10-dideazatetrahydrofolate. In the docking for 1RX2 and 1RA2, NADP^+^ was included in the model and the position of NADP^+^ was based on the coordinates of the X-ray crystal structure. Thus, the reproduced complexed structures show that our docking simulation should work well to build the complex models in the current system.

Next, we analyzed the docking of folate to the DHFR, whose M20 loop conformations were built with the cofactor NADP^+^ as described in the previous section. Sawaya et al. have suggested that NADP^+^ binds to DHFR, and then folate binds to the binary complex[@b22-2_1]. The positions of NADP^+^ in the model structures were estimated by superimposing the peptide backbone heavy atoms of the template apo-form protein from 5DFR on the backbone heavy atoms of 1RX2, which includes the NADP^+^ molecule. After optimization of binary complexed structures with NADP^+^ by energy minimizations to fix all of the heavy atoms of DHFR, the folate ligand was docked to the four modeled binary complexes, respectively. [Table 3](#t3-2_1){ref-type="table"} shows the results of docking simulations with the docking scores and the RMSD values of the folate ligand against the two crystal structures, 1RX2 and 1RA2.

For the M20α and M20γ center loop structures, the docking scores were rather high, −3.99 and −3.45, respectively. The docking score is a measure of the binding energy, with a lower score corresponding to higher affinity. Consequently, the high docking scores suggest low affinity of the folate ligand for the M20α and M20γ center loop structures. In addition, the docked structures show different binding schemes from the complexed X-ray crystal structues. In the *closed* M20 loop crystal structure (1RX2), four hydrogen bonds and a hydrophobic interaction between DHFR and the folate ligand are observed, in addition to hydrophobic interactions between NADP^+^ and the ligand ([Fig. 8A](#f8-2_1){ref-type="fig"}). The *open* M20 loop crystal structure (1RA2) shows a binding mode almost identical to that of the *closed* loop structure, but fewer interactions between the M20 loop and the ligand are observed ([Fig. 8B](#f8-2_1){ref-type="fig"})[@b22-2_1]. In contrast, the predicted ternary structure in [Fig. 8C](#f8-2_1){ref-type="fig"} has quite a different hydrogen bond network between DHFR and folate from that of the *closed* and *open* loops. Here, the docking scheme of folate bound to DHFR with NADP^+^ is displayed for the M20α center structure. The corresponding RMSD values of the folate against the X-ray crystal structure in 1RX2 and 1RA2 were very large, 4.34 Å and 4.25 Å, respectively.

The docking score for the M20β center structure was very low, −4.37. In the docking scheme for the optimized complexed structure in [Fig. 8D](#f8-2_1){ref-type="fig"}, four hydrogen bonds were reproduced between DHFR and folate as well as those in the *closed* and the *open* M20 loop crystal structures. The hydrophobic interactions between the ligand folate and the side-chains of Ile5, Ala6, Met20, Leu28, Phe31, Ile50, Leu54, and Ile94 were also reproduced. The RMSD values of the folate in 1RX2 and 1RA2 were small, 1.35 Å and 1.09 Å, respectively. Although the RMSD value of folate is smaller for the *open* M20 loop than for the *closed* loop, the Loop M20β center structure clearly resembles the *closed* loop, as indicated in [Fig. 5](#f5-2_1){ref-type="fig"} and [Table 2](#t2-2_1){ref-type="table"}. Thus, the current simulation could predict the complexed structure with the *closed* M20 loop.

In the case of the M20δ center structure, although the docking score was the lowest, −4.80, Loop M20δ extended toward the outside of the protein and the folate ligand would not be trapped by the M20δ center structure.

In summary, the ensemble of the disordered M20 loop conformations of ligand-free DHFR includes four stable structural clusters. The loop conformation of the most stable cluster, M20α, did not correspond to the ligand-bound conformation as suggested from the virtual docking simulation. In contrast, the second most stable cluster, M20β, has the ability to bind the ligand. From the similarity between the experimental flexible loop conformations and the current structural ensembles in the case of Loop R8 and R12 in RNase A, the M20α cluster may correspond to the major conformations of the ligand-free M20 loop in DHFR. Though each cluster is thought to be identified, the quantitative probabilities of each cluster could have some uncertainties, because of the incompleteness of the force-field parameters[@b52-2_1],[@b53-2_1] and the implicit water model[@b32-2_1].

Conclusion
==========

The current loop modeling method reproduced the experimental structures with high accuracy without any heuristic scoring functions for the 8- and 12-residue loops in RNase A. A structural ensemble of the ligand-free M20 loop in DHFR was also generated, and one of the ensembles with stable structures in the free energy landscape corresponded to the DHFR in a complex with the folate ligand. Docking simulations for the center structure of the M20 loop clusters were performed, and the most probable ligand-bound conformation was ascertained from the docking score. Thus, in the M20 loop of DFHR, we confirmed that the ligand-bound structure resulting from induced-fit was generated as one of the conformations stable in the ligand-free state. The analysis presented in this report may provide the means of predicting induced-fit structural or induced-folding structural changes.
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![Structure of RNase A: A pipe model of RNase A (PDB code, 2AAS)[@b5-2_1] drawn using MOLMOL[@b54-2_1]. The diameter of the pipe for the RNase A backbone is proportional to the RMSDs of the backbone atoms, obtained from the 32 distance-geometry conformations. The green and blue pipes represent Loop R8 with 8 residues and Loop R12 with 12 residues, respectively.](2_1f1){#f1-2_1}

![(A) The trajectory of the potential energy of Loop R8 as determined by the FBMcMD method with the GBSA model. (B) Energy distribution of the multicanonical ensemble (solid line). The dotted curve and dashed curve represent the canonical ensembles calculated by the re-weighting method at 300 K and 700 K, respectively.](2_1f2){#f2-2_1}

![(A) PCA of the canonical ensemble of Loop R8 at 300 K, projected on the first and second principal axes. The blue, cyan, green, orange and red dots correspond to structures of the R8α cluster, the R8β cluster, the R8γ cluster, the 32 NMR structures (2AAS) and a crystal structure (8RAT), respectively. The filled black circle, filled black triangle and filled black square correspond to center structures of the R8α, R8β and R8γ clusters, respectively. (B) PCA for the canonical ensemble of Loop R12 at 300 K, projected on the first and second principal axes. The blue, cyan, orange, and red dots correspond to structures of the R12α cluster, the R12β cluster, 32 structures of NMR (2AAS), and a crystal structure (8RAT), respectively. The filled black circles and filled black triangles correspond to center structures of the R12α and R12β clusters, respectively.](2_1f3){#f3-2_1}

![Stereo drawings of Loop R8 and R12 in RNase A. (A) Loop R8: The backbone of the X-ray crystal structure of bovine RNase A (8RAT) is shown in red. Blue, cyan and green backbones correspond to center structures of the R8α, R8β and R8γ clusters, respectively. The gray backbone represents the structure with the smallest RMSDx (0.72 Å) in R8α. (B) Loop R12: The backbone of the X-ray crystal structure of bovine RNase A (8RAT) is shown in red. Blue and cyan backbones correspond to center structures of the R12α and R12β clusters, respectively. The gray backbone represents the structure with the smallest RMSDx (1.50 Å) in R12α.](2_1f4){#f4-2_1}

![PCA of the ensemble of Loop M20 in DHFR at 300 K, projected on the first and second principal axes. The blue, cyan, green and yellow dots correspond to the M20α, M20β, M20γ and M20δ clusters, respectively. The filled red circles, open red circles and red circles with a cross correspond to crystal structures of the *closed* form with NADP^+^ (PDB code, 1RX2), the *open* form with NADP^+^ (1RA2) and the *occluded* form without NADP^+^ (1RX5), respectively. The other 34 crystal structures are indicated by filled orange circles.](2_1f5){#f5-2_1}

![(A) Structural overview of DHFR: The magenta pipe (residues 1--13 and 26--149) of DHFR (1RX2) was drawn using INSIGHT II (Accelrys Inc., San Diego, CA, USA). The thick red pipe, dotted orange sphere and dotted gray sphere correspond to residues 14--25 of the M20 loop of DHFR, NADP^+^ and folate, respectively. (B) The center structures for Loop M20: Stereo drawings of the ligand-free M20 loop and the *closed* M20 loop of ternary complex conformations. The blue, cyan, green, yellow and red pipes correspond to center structures of the M20α, M20β, M20γ and M20δ clusters, and the X-ray crystal structure (1RX2), respectively. The dotted orange sphere is NADP^+^, and the dotted gray sphere is folate. The loop of the X-ray crystal structure of the *closed* form is close to NADP^+^.](2_1f6){#f6-2_1}

![Stereo drawings of the modeled M20 loop conformations in DHFR. (A) The X-ray crystal structure of the M20 loop in the *closed* form (1RX2) is shown by a red backbone and orange side-chains. A blue backbone and cyan side-chains indicate the structure with the smallest RMSDx (1.72 Å) with 1RX2, designated as Loop M20β1 in the M20β cluster. (B) The X-ray crystal structure of the M20 loop in the *open* form (1RA2) is shown by a red backbone and orange side-chains. A blue backbone and cyan side-chains indicate the structure with the smallest RMSDx (2.11 Å) with 1RA2, designated as Loop M20β2 in the M20β cluster. (C) The X-ray crystal structure of the M20 loop in the occluded form (1RX5) is shown by a red backbone and orange side-chains. A blue backbone and cyan side-chains indicate the structure with the smallest RMSDx (3.10 Å) with 1RX5, designated as Loop M20β3 in the M20β cluster.](2_1f7){#f7-2_1}

![The ligand-binding pocket of DHFR and the folate molecule generated from a docking simulation with NADP^+^ and structural optimization. The dotted lines correspond to intermolecular hydrogen bonds. Semi-circles represent the protein residues involved in the hydrophobic interaction. Numbers in italics represent the interatomic distance between the interacting heavy atom pairs (Å). (A) Binding pocket in the X-ray crystal structure of the *closed* form of the M20 loop in DHFR, with NADP^+^ and folate (1RX2). (B) Binding pocket in the X-ray crystal structure of the *open* form of the M20 loop in DHFR, with NADP^+^ and folate (1RA2). (C) Binding pocket in the docked structure between the center structure of the M20α cluster and folate. (D) Binding pocket in the docked structure between the center structure of the M20β cluster and folate.](2_1f8){#f8-2_1}

###### 

Structural differences among center structures and experimental structures for Loop R8 and R12 in RNase A

  ------------------------------------------------------------------------- -------------- -------------- -------------
  Loop R8 in RNase A                                                                                      
                                                                                                          
                                                                            R8α cluster    R8β cluster    R8γ cluster
                                                                                                          
  \<RMSDn\>[^1)^](#tfn1-2_1){ref-type="table-fn"} (Å) of center structure   0.93           6.27           4.32
  RMSDx[^2)^](#tfn2-2_1){ref-type="table-fn"} (Å) of center structure       1.20           6.48           4.02
  Conformation ratio (%)                                                    38.8           35.4           25.8
                                                                                                          
  Loop R12 in RNase A                                                                                     
                                                                                                          
                                                                            R12α cluster   R12β cluster   
                                                                                                          
  \<RMSDn\>[^1)^](#tfn1-2_1){ref-type="table-fn"} (Å) of center structure   2.00           7.75           
  RMSDx[^2)^](#tfn2-2_1){ref-type="table-fn"} (Å) of center structure       1.65           7.37           
  Conformation ratio (%)                                                    78.5           21.5           
  ------------------------------------------------------------------------- -------------- -------------- -------------

The value is the average of 32 RMSDs, each of which is the RMSD of the heavy atoms in Loop R8 between the center structure of the cluster and one of the 32 NMR structures (PDB code, 2AAS).

Center structures in the model ensemble vs. the X-ray crystal structure (8RAT).

###### 

Structural differences among center structures and experimental structures for Loop M20 in DHFR

                                       Loop M20 clusters                 
  ------------------------------------ ------------------- ------ ------ ------
  RMSDx (Å) for closed loop (1RX2)     3.78                3.00   5.92   8.75
  RMSDx (Å) for open loop (1RA2)       5.78                4.68   7.04   8.10
  RMSDx (Å) for occluded loop (1RX5)   6.75                5.51   6.08   6.78
  Conformation ratio (%)               65.4                21.3   10.3   3.1

###### 

Results of docking simulations for the DHFR model structures with the flexible Loop M20 in DHFR

  Template structure      Docking score   RMSD (Å)[^1)^](#tfn3-2_1){ref-type="table-fn"}
  ----------------------- --------------- ------------------------------------------------
  M20α center structure   −3.99           4.34/4.25
  M20β center structure   −4.37           1.35/1.09
  M20γ center structure   −3.45           8.30/8.48
  M20δ center structure   −4.80           2.61/2.47

The RMSD values between the docked folate ligand in the center structures of the model ensemble and those in the *closed*/*open* M20 loop crystal structure (1RX2/1RA2), respectively.

[^1]: Present address: Drug Discovery Research Laboratories, Sanwa Kagaku Kenkyusho Co. Ltd., 363 Shiosaki, Hokusei-cho, Inabe, Mie 511-0406, Japan
